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ABSTRACT 


The  effect  of  a  magnetic  field  on  the  solidification  of 

/  \ 

aluminum; rich)-  copper  alloys  was  studied  using  the  maximum  inverse 
segregation  at  the  chill  face  as  a  criterion .  Field  strengths  ranged 
from  0  to  34P000  oersteds  and  the  effects  of  fields  both  parallel  and 
perpendicular  to  the  direction  of  solidification  were  studied.  The 
"field9®  solidified  ingots,  compared  to  "no  field"  ingots,  showed  an 
increase  in  inverse  segregation!  the  amount  of  segregation  increased 
with  increasing  field  strength  and  was  60%  higher  than  "no  field" 
results  at  a  field  of  3^*000  oersteds.  A  theory  has  been  developed 
which  qualitatively  agrees  with  the  results  in  the  A1  -  Cu  system 
as  well  as  in  other  systems  which  have  been  studied. 
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I  INTRODUCTION 


The  successful  application  of  a  magnetic  field  in  studying 
the  electronic  structure  and  transport  properties  ©f  solids,  such  as, 
for  example,  the  phenomena  of  ga Ivan omagnet ism,  thermomagnetism  and 
the  Hall  effect,  suggests  that  a  magnetic  field  may  also  provide  a 
powerful  tool  in  studying  the  electronic  structure  of  liquid  metals 
and  their  alloys,  and  the  mechanisms  of  solidification.  With  this  in 
mind,  a  study  was  made  of  the  effect  of  a  magnetic  field  on  segregation 
phenomena  occuring  during  solidification  in  ingots  of  aluminum  (rich)  - 
copper  alloys « 

Maximum  inverse  segregation  occuring  at  the  chill  face  of 
the  ingot  was  selected  as  the  principal  criterion  for  determining  the 
effect  of  the  magnetic  field  because  the  amount  of  segregation,  which 
is  readily  determined  by  ordinary  chemical  analysis,  is  related  dir¬ 
ectly  to  the  constitutional  -  specific  volume  relationship  of  the 
alloy  system.  Any  change  in  this  relationship  which  may  be  effected 
by  the  magnetic  field  will  be  readily  indicated  by  a  change  in  the 
amount  of  inverse  segregation  „ 

(!) 

Previous  work  by  Do  R.  Colton  on  the  solidification  of 
binary  alloys  of  the  bismuth  (rich)  -  tin  and  bismuth  -  antimony 
systems  in  a  magnetic  field  of  13,000  oersteds,  applied  parallel  to 
the  direction  of  solidification,  indicated  that  the  field  changed 
the  amount  of  inverse  segregation  by  about  +70#  and  -100#  respectively 
over  the  ,,no-fieldN  results.  To  establish  whether  the  change  in 


2. 


segregation  due  to  the  field  may  be  a  result  of  the  high  diamagnetic 
susceptibility  of  bismuth  and  its  alloys,  it  was  decided  to  study  this 
effect  in  alloys  of  the  aluminum  (rich)  -  copper  system  which  has  a 
relatively  low  paramagnetic  susceptibility.  Two  other  reasons  for 
choosing  the  alloys  of  the  aluminum  (rich)  -  copper  system  for  study 
were  % 

(1)  the  “'no  field  *  segregation  results  in  the  aluminum- 

(2) 

copper  system  are  already  well  established,  and 

(2)  the  relatively  large  difference  in  the  valencies  of 

the  solvent  and  solute  metals . 

The  latter  point  may  be  important  if,  as  suspected,  the  effect 
of  the  field  on  segregation  is  via  the  transport  mechanisms  involved 
in  solidification,  principally  that  of  diffusion. 
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II  THEORETICAL 

The  following  is  a  resume  of  the  theory  of  solidification 
for  both  pure  metals  and  binary  alloys .  Solute  distribution  for  various 
rates  of  solidification  of  binary  alloys  is  also  considered . 

A.  GENERAL 

In  studying  solidification  the  solid  -  liquid  interface 
is  the  region  of  greatest  interest .  On  one  side  of  the  interface  exists 
a  crystalline  solid  wherein  each  atom  has  a  well  defined  position  and, 
on  the  other  side,  there  is  liquid  wherein  the  atoms  are  about  as  far 
apart  as  in  the  solid  but  the  arrangement  is  much  less  systematic  and 
is  continuously  changing <>  The  average  energy  of  the  atoms  in  the 
liquid  is  greater  than  that  of  the  atoms  in  the  solid  by  an  amount 

(3) 

equal  to  the  latent  heat  of  fusion.  Chalmers  suggests  that  there 
is  a  continuous  and  rapid  exchange  of  atoms  between  solid  and  liquid 
at  the  solid  -  liquid  interface,  and  that  during  solidification  the 
net  result  is  more  atoms  are  leaving  the  liquid  and  joining  the  solid 
than  for  the  reverse  process  which  constitutes  melting. 

0) 

Chalmers  assumes  that  an  atom  will  cross  the  solid  - 
liquid  interface  if  it  has  energy  in  excess  of  some  value  which  is 
higher  than  the  average  value  in  either  the  solid  or  liquid.  The 
average  energy  of  the  atoms  varies  with  the  temperature  but  the  actual 
energies  are  distributed  about  the  average  energy  such  that  the  fraction 


of  atoms  having  an  energy  equal  to  or  in  excess  of  energy  Gj)  is 
given  bys 


f=e 


0) 


If  an  atom  vibrates  V  times  per  second,  then  on  the  average  it  will 

—  Q/fl  T 

have  energy  Q  or  greater  times  per  second.  There  are, 

however,  two  reasons  why  an  atom  having  the  required  energy  may  not 
cross  the  interface  s 

(1)  the  atom  may  not  be  vibrating  in  the  proper  direction 
i.e.,  it  may  not  have  the  required  velocity  perpendicular 
to  the  interface,  and 

(2)  the  atom  may  not  be  accommodated  onto  the  other  side 
of  the  interface . 

If  the  probability  of  vibration  in  the  right  direction  is 
and  the  probability  of  being  accommodated  on  the  other  side  of  the 
interface  is  A  ,  then  the  rate  of  solidification  is  given  by? 


Rs  =  As  Gsve-ftAT 

(a) 

and  the  rate  of  melting  is  given  bys 

(3) 

where  the  subscripts  "  S  n  and  n\r/\n  refer  to  solidifying,  and  melting 
respectively.  If  E*  is  the  energy  required  to  cross  the  interface 
and  Es  and  EL  are  the  binding  energies  of  the  solid  and  liquid  re spec 


tively,  then 

Qs  ~  E  a  -  E-  L 
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Also ,  Q&  should  be  equal  to  the  activation  energy  for  diffusion  in  the 
liquid  and  Qni  -  Q$  should  be  equal  to  the  latent  heat  of  fusion. 

The  accommodation  coefficients  are  related  by  the  equation. 

An,  _  -H/RTe 
c 

( ^ 

where  H  is  the  latent  heat  of  fusion  and Te  is  the  solidification 
temperature.  ”  A/^n  should  be  the  same  for  all  monatomic  liquids 
and  n  should  depend  upon  the  crystal  structure  at  the  interface. 
More  explicitly,  there  are  only  certain  available  sites  where  an 
atom  from  the  liquid  may  settle  on  the  interface  and  join  the  solid. 

For  example.  Figure  1  represents  the  atomic  positions  of  the  (111) 
plane  of  a  face  centered  cubic  crystal.  The  shaded  areas  represent 
the  sites  for  an  approaching  atom  from  the  liquid.  The  shaded  area 
is  about  10$  of  the  total  area  and,  aierefore,  /V-  should  be  about 
0.10  for  the  (ill)  plane  of  a  f.c.c.  metal.  Similar  arguments  hold 
for  determining  the  accommodation  coefficients  of  other  planes  for 
other  crystalline  structures. 

(3) 

Chalmers  has  calculated  the  rates  of  freezing  and  melting 
for  copper  applying  the  foregoing  theory  and  the  results  are  shown 
in  Figure  2.  The  calculated  rates  of  freezing  and  melting  at  the 
equilbirium  temperature  are  3*000  centimeters  per  second.  The  observed 
rate  of  freezing  at  a  reasonable  degree  of  supercooling,  say  50°C, 
would  be  25  cm.  per  second  which  seems  reasonable  for  this  degree  of 


supercooling. 


6. 


Fig.  I  Alomic  Positions  in  a  Close  Packed  Surface, 
the  (III)  Surface  for  a  Face-Centered  Cubic 
Crystal 
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Figure  2*  (After  Ch aimers  )  Rates  of 
solidifying  and  melting  for  copper. 
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Figure  3* (After  Winegare  )  Schematic 


drawing  of  the  surface  of  a  crystal 
growing  by  the  edgewise  extension  of 


close-packed  planes  . 
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B.  SOLIDIFICATION  OF  PURE  METALS 


The  solidification  of  pure  metals  may  proceed  by  two  different 
mechanisms  depending  on  the  rate  of  solidification.  If  solidification 
proceeds  slowly*  growth  will  proceed  by  the  addition  and  edgewise 
extension  of  layers  of  close -packed  planes  which  gives  rise  to  a 
terraced  structure  illustrated  in  Figure  3.  The  edges  of  the  terraces 
provide  low  energy  sites  for  the  addition  of  new  atoms  so  growth  need 
not  depend  upon  layers  of  atoms  spreading  from  screw  dislocations  at 

(4) 

the  surface  as  suggested  by  Frank 

If  growth  proceeds  at  a  relatively  fast  rate,  the  liquid 
ahead  of  the  interface  will  become  thermally  supercooled  and  dendritic 
growth  will  occur  because  a  plane  interface  cannot  dissipate  the  latent 

(9) 

heat  fast  enough  to  satisfy  existing  conditions  .  Growth  c^n  occur 
much  more  rapidly  if  the  latent  heat  of  solidification  is  generated 
at  a  small  tip  and  is  dissipated  into  the  surrounding  liquid.  Also* 
a  "spike"  (dendritic  projection)  generating  out  into  the  supercooled 
liquid  is  advancing  into  regions  of  greater  supercooling,  and,  there¬ 
fore,  it  advances  faster  than  the  remainder  of  the  solid.  Further, 
the  latent  heat  generated  by  a  "spike"  will  heat  the  liquid  in  nearby 
regions  thereby  preventing  growth  of  other  "spikes’1  nearby.  Thus, 
there  is  a  minimum  separation  of  "spikes’* ,  Secondary  "spikes"  growing 
from  primary  "spikes"  tend  to  form  for  the  same  reason  that  primary 
"spikes"  form,  because  there  are  regions  of  supercooling  in  the  vicinity 
of  the  primary  "spike" .  Similarly,  ternary  and  higher  order  "spikes" 


9° 


are  formed  thus  leading  to  the  typical  "pine  tree*'  appearance  char¬ 
acteristic  of  dendritic  growth. 

C.  SOLIDIFICATION  OF  BINARY  ALLOYS 


1.  Solute  Distribution 


In  considering  the  solidification  of  binary  alloys  it  is 
convenient  to  define  a  distribution  coefficient*  k0  ,  given  by 

(S) 


where  3 and  CL are  the  solute  concentrations  in  the  solid  and  liquid 

i 

respectively  at  a  given  temperature  (Figure  4)0  k0  may  be  either 
greater  or  less  than  unity  depending  upon  the  phase  relationships 
of  the  system o  For  simplicity  only  values  of  k0  less  than  unity  will 
be  considered*  but  the  theory  Is  applicable  to  any  value » 

Consider  an  alloy  of  composition  X  »  The  first  solid  to 
form  on  solidification  will  be  of  composition  kc X  (Figure  5)*  This 
statement  is  true  for  all  solidification  rates  providing  local  equil¬ 
ibrium  exists o  However*  the  microscopic  picture  of  the  solute  distri¬ 
bution  will  be  determined  by  the  solidification  rate, 

(a)  Very  Slow  Solidification 

If  solidification  proceeds  extremely  slowly  and  there  is 
sufficient  time  for  complete  diffusion  in  the  solid,  the  solidified 
ingot  will  be  of  uniform  composition  for  concentrations  within  the 


solid  solubility  limits . 


Temperature  Temperature 
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C  oncentration 

Cg  __  1 

Figure  4.  The  distribution  coefficient ,  Cl  • 


(a)  k0<l  (b)  k0?l 


C  oncentration 


Figure  5,  Solidification  for  k0<  1  . 


lie 


(b)  Slow  or  "Normal”  Solidification 


If  solidification  proceeds  slowly*  say  a  few  centimeters 
per  hour,  but  fast  enough  so  that  diffusion  in  the  solid  is  negligible, 
the  solute  distribution  in  the  solidified  ingot  will  take  one  of  two 
forms  depending  upon  the  amount  of  mixing  in  the  liquid.  If  the 

(S) 

entire  liquid  is  of  uniform  composition*  Phann  shows  tha .  ti.a  con¬ 


centration  distribution  in  the  solid  Is  given  bys 


where  % 


C-s  =  concentration  in  the  solid 

-  distribution  coefficient  (assumed  constant) 
C-o  -  initial  uniform  composition  of  the  liquid 


3 


=  fractional  amount  solidified 


The  solute  distribution  in  the  liquid  under  these  conditions  takes 

the  form  shown  in  Figure  6  and  is  a  good  approximation  for  the  case 

of  very  slow  solidification  where  liquid  homogenization  may  be  almost 

complete.  In  actual  fact*  however*  liquid  homogenization  is  not  complete 

because  of  the  finite  solidification  and  slow  diffusion  rates.  If 

the  solute  rejected  at  the  interface  continually  piles  up*  it  will 

diffuse  away  in  the  normal  manner  to  give  a  liquid  concentration 

curve  similar  to  that  shown  in  Figure  7®  The  mathematical  expression 

(6) 

for  this  concentration  in  the  liquid*  as  derived  by  Smith  et  al  for 


the  steady  state  is  given  by  , 

_  ~  r  /  )-  k«,\  -po)x  ~i 

Cj>=c  oLn-(ir>e  J 


(7 


12, 


Distance  along  Ingot 
Figure  6.  Solute  distribution  in  the 
solid  for  the  case  of  complete  mixing  in 
the  liquid  . 
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Figure  7«  Concentration  gradient  in  the 


liquid  at  the  interface. 


where 


ko  =  distribution  coefficient 
R  =  growth  rate 

D  =  liquid  diffusivity  of  the  solute 

I 

*  -  distance  from  the  interface  into  the  liquid 

The  corresponding  concentration  in  the  solid  is  given  by 

CS(X)  -  Co  fit  e  rf.  ^  j^e"k°^C/^x 

.  (erfc)(  )  \/(^d)x)  - 

where 

1  =  l-  k* 

This  solid  distribution  takes  the  form  shown  in  Figure  8* 

(c)  Rapid  Solidification 

If  solidification  proceeds  at  a  relatively  fast  rate,  dendritic 
growth  will  occur o  As  previously  suggested,  supercooling  is  a  pre¬ 
requisite  for  the  occurence  of  dendrite  growth *  However,  in  binary 
alloys,  supercooling  need  not  be  solely  "thermal"  as  is  the  case  for 
pure  metals .  Because  of  the  concentration  gradient  ahead  of  the  solid  - 

(3) 

liquid  interface,  Chalmers  has  suggested  "constitutional  supercooling" 
may  occur  as  Shown  in  Figure  9»  Te  is  the  equilibrium  solidification 
temperature  and  ~fo^  Is  the  actual  temperature  gradient  which  is  controlled 
by  the  rate  of  heat  withdrawal*  (Tg  —  "T Cu )  any  point  is,  therefore, 
the  amount  of  constitutional  supercooling* 

Under  conditions  of  dendritic  growth,  inverse  segregation 
will  occur*  The  solute  distribution  in  the  primary  ingots  is  still 


Temperature  Concentration  Concentration 
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Figure  8  *  Solute  distribution  in  the  solid 
for  slow  solidification  when  transport  in 
the  liquid  is  by  diffusion  only* 


(3) 

Figure  9,-  (After  Chalmers1' 
Constitutional  supercooling  ahead  of  an 
advancing  solid  -  liquid  interface  , 
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in  the  order  of  lcC)X(^igur«  5)  while  that  of  the  liquid  is  ~~  *  but 

Ko 

as  the  dendrites  are  solidifying  and  contracting,  the  enriched  residual 
liquid  is  drawn  back  through  the  interdendritie  channels  into  the  contr- 

a-.* 

action  cavities  causing  an  overall  increase  in  solute  concentration  in 

the  region  of  the  ingot  where  solidification  was  initiated,,  Kirkaldy 

(&) 

and  Youdelis  have  mathematically  formulated  the  inverse  segregation 
mechanism  and  have  shown  that  the  solute  distribution  for  inverse 
segregation  takes  a  form  similar  to  that  shown  in  Figure  10 „ 

The  underlying  assumptions  of  inverse  segregation  theory 

are  g 

(1)  there  is  complete  flowback  of  residual  liquid  during  the 
solidification  so  that  no  shrinkage  porosity  occurs, 

(2)  local  equilibrium  exists  at  the  solid  -  liquid  interface, 

(3)  solid  coring  is  complete,  i.e.,  there  is  no  diffusion  in 
the  solid,  and 

(4)  the  interdendritie  liquid  is  homogeneous  at  any  particular 
level  of  the  ingot . 

It  should  be  pointed  out  that  the  theory  of  inverse  segregation, 
as  developed  by  Kirkaldy  and "Youdelis,  is  applicable  to  systems  which 
expand  upon  solidification .  In  this  case,  the  enriched  liquid  is 
forced  out  of  the  interdendritie  channels  and  the  resulting  segregation 

( i ) 

is  not  ’’inverse’*  in  the  general  sense  of  the  term.  Colton  has  shown 
that  the  theoretical  segregation,  based  upon  the  theory  of  inverse 
segregation,  in  bismuth(rich) -  antimony  alloys  which  expand  upon 
solidification,  is  in  good  agreement  with  the  experimental  segregation. 


Figure  10.  Solute  distribution  for 
inverse  segregation  , 


Figure  11  Massive  exudations  caused 


by  remelting 
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A  more  complete  treatment  of  the  theory  of  inverse  segregation 
appears  in  the  appendix „ 

(d)  Exudations 

The  term  "exudation”  refers  to  a  layer  of  low* melting-point 
constituent  oeeuring  at  the  chill  face  of  an  ingot .  "Massive  exudations", 
shown  in  Figure  11,  are  a  result  of  remelting  of  the  low-melting-point 
constituent  and  the  ensuing  drawback  of  the  constituent  to  the  surface 
of  the  ingot 0  Even  in  the  absence  of  remelting,  surface  tension  forces 
may  be  sufficient  to  draw  a  thin  layer  of  constituent  to  the  surface 
of  the  ingot  if  a  decrease  in  interfacial  energies  is  involved 0  The 
latter  type  of  exudations  is  shown  in  Figure  12. 

Exudations  are  not  part  of  the  mechanism  ©f  "inverse" 
segregation",  so  in  the  determination  of  inverse  segregation,  a 
correction  must  be  made  by  the  extrapolation  of  points  near  the  chill 
face  which  are  not  affected  by  the  exudations . 

2o  Macrostructure  of  Binary  Alloys 

The  macrostructure  of  a  solidified  ingot  is  dependent  upon 
the  temperature  and  concentration  distributions  during  solidification . 

If  the  rate  of  solidification  is  slow,  the  concentration  and  temperature 
gradients  in  front  of  the  interface  will  not  be  large,  and  a  plane 
interface  will  result .  However,  if  "constitutional  supercooling" 
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Figure  12  *  Exudations  caused  by  surface 
tension  forces  (X100). 
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exists  to  a  small  extent  dendritic  projections  will  extend  out  a  short 

distance  into  the  liquid .  These  projections  tend  to  form  a  cellular 

(7)  (7) 

structure  which  has  been  oberved,  Tiller  and  Rutter  predicted 
that  the  transition  from  a  plane  interface  to  a  cellular  one  occurs 
at  a  certain  critical  ratio  of  temperature  gradient,  G  ,  to  growth 
rate,  F(  ,  as  follows g 


where  mis  the  slope  of  the  liquidus  line3Cd,  is  the  initial  concen¬ 
tration  in  the  melt,  D  is  liquid  diffusion  coefficient  of  the  solute, 
and  is  the  distribution  coefficient ,  The  onset  of  cellular  growth 
was  found  to  conform  very  accurately  to  the  predicted  results „ 

As  the  rate  of  solidification  of  the  alloy  is  increased, 
the  amount  of  "constitutional  supercooling'*  is  usually  found  to 

increase,  resulting  in  a  transition  from  cellular  to  dendritic  growth , 

(7) 

Tiller  and  Rutter  have  found  that  the  transition  from  cellular  to 
dendritic  growth  occurs  at  a  critical  ratio  of  temperature  gradient 
in  the  liquid,  ,  to  the  square  root  of  the  growth  rate,  ,  as 
follows  g 


\ 

) 


where  /\  is  a  proportionality  constant. 

If  constitutional  supercooling  becomes  very  great,  nucleation 
will  occur  ahead  of  the  advancing  solid  -  liquid  interface  resulting 
in  an  equiaxial  structure ,  The  high  degree  of  supercooling  results 
from  the  gradual  decrease  in  the  steepness  of  the  temperature  gradient 
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as  the  solid  -  liquid  interface  advances  away  from  the  chill  face  of 
the  ingot*  while  the  concentration  gradients  do  not  decrease  nearly 
so  rapidly  because  of  the  slow  diffusion  rate. 


Ill  EXPERIMENTAL 


A.  Apparatus 

L  The  Magnets 

The  field  parallel  to  the  direction  of  solidification  was 

supplied  by  a  water-cooled  solenoid  (see  Figure  13)  adapted  from 

(6)  , 

the  design  of  Daniels  .  (Details  of  the  construction  are  given  by 

to 

Colton  o)  The  solenoid  provided  a  maximum  field  of  16*000  oersteds 
uniform  to  +  5%  over  a  cylindrical  volume  3W  long  and  lw  in  diameter „ 
The  field  perpendicular  to  the  direction  of  solidification 
was  obtained  using  a  water-cooled *  pole -type  electromagnet  which  was 

do) 

an  adaptation  ©f  the  Uppsala  Electromagnet  „  The  pole-type  magnet* 
(Figure  14)  supplied  a  maximum  field  of  35*000  oersteds  uniform  to 
jl  3#  over  a  cylindrical  volume  3i’w  in  diameter  and  ljw  in  length . 

Power  was  supplied  to  the  magnets  by  a  thirty-six  kilowatt* 
direct  current*  constant  voltage  generator*  which  gave  a  maximum 
voltage  of  48  volts  with  a  ripple  of  't  2%„ 

2  o  Casting  Unit 

The  casting  unit*  comprising  a  resistance  furnace*  a  graphite 
mold*  and  a  water  jet  is  shown  schematically  in  Figure  15 .  The  mold 
approximately  3”  long  and  ?/8w  in  diameter  was  tapered  Inside  for 
easy  removal  of  the  solidified  ingot,  A  hole*!"  in  diameter  was 
drilled  through  the  side  and  near  the  top  of  the  mold  to  admit  the 


Figure  13.  Solenoid  Magnet  and  Solidification  Apparatus 
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Figure  l4  .  Pole -Type  Electromagnet  . 
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molten  alloy.  The  mold  was  clamped  between  lengths  of  stainless  steel 
tubing*  the  bottom  support  housing  a  length  of  brass  tubing  which 
impinged  water  on  the  baseplate  to  ensure  unidirectional  solidification. 

A  28  gauge*  ehromel  -  alumel  thermocouple  and  a  length  of 
1/8”  stainless  tubing  for  degassing  purposes  were  placed  in  the  mold 
as  shown  in  Figure  15.  The  thermocouple*  1/8W  tubing  and  the  base¬ 
plate  were  coated  with  an  alundum  slurry  to  protect  them  from  attack 
by  the  molten  metal. 

B.  METHOD 


Four  hundred  grams  of  master  alloy  containing  10#  copper 
w«ce  prepared  from  aluminum  (99»91$)  *nd  electrolytic  copper  (99.96$) . 
portions  weighing  about  40  gms.  were  then  remelted  in  a  graphite 
crucible*  bubbled  vigorously  with  argon  to  remove  dissolved  gas  and 
to  ensure  homogenity*  and  wore  then  poured  into  the  mold  which  was 
heated  to  over  7OO°0.  The  alloy  was  held  at  this  temperature  and 
again  bubbled  vigorously  with  argon  to  remove  any  gas  picked  up 
during  the  pouring  operation.  The  bubbling  tube  was  removed  from 
the  melt  and  the  ingot  was  lowered  into  the  field.  (When  the  solenoid 
was  used*  the  solenoid  was  lowered  around  the  ingot.)  The  temper¬ 
ature  was  allowed  to  drop  until  50°C  of  superheat  remained  at  which 
time  the  thermocouple  was  removed  from  the  molten  alloy  and  solidifi¬ 
cation  started  by  impinging  water  on  the  baseplate .  After  the  ingot 
was  completely  solidified  it  was  removed  from  the  mold,  and  the  degree 
of  segregation  was  determined  by  a  volumetric  analysis. 


Figure  15  *  Schematic  diagram  of  casting  unit 
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C.  ANALYSIS 

The  ingots  were  sawn  in  half  longitudinally  and  the  cuttings 
collected  in  order  t©  determine  the  average  composition  ©f  the  ingot „ 
Five  successive  cuts  of  0.010”  were  milled  from  the  base  of  one  of 
the  half  sections  and  were  analyzed  for  copper  content,,  The  results 
were  extrapolated  to  the  chill  face  to  correct  for  surface  exudations 
and  finite  sample  size  .  The  ©ther  half  of  the  ingot  was  retained 

in) 

for  me tall ©graphic  examination.  The  iodide  method  was  used  for 
determining  copper  content  and  all  precautions  of  good  volumetric 
analysis  were  followed  to  ensure  good  precision  in  the  analysis  between 
average  and  base  samples.  The  standard  deviation  ®f  average  samples 
was  found  to  be  0.025$  copper  which  gives  the  degree  of  segregation 
an  accuracy  of  1  0.05$  copper. 


IV.  RESULTS 
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A.  METALLOGRAPHXC 


The  macrostructures  of  three  typical  aluminum  -  10#  copper 
ingots  representing  solidification  in  zero  field p  13*000  oersteds 
applied  parallel  to  the  direction  of  solidif ication; and  34*000  oer¬ 
steds  applied  perpendicular  to  the  direction  of  solidification  are 
shown  in  Figures  16  to  l8„  The  dendritic  growth  patterns  at  the 
chill  faces  of  the  same  three  ingots  are  shown  in  Figures  19  to  21 „ 
The  macrostructures  of  the  aluminum  -  20#  copper  and  alum¬ 
inum  -  5#  copper  ingots  are  shown  in  Figures  22  and  23 l  the  dendritic 
patterns  and  exudations  at  the  chill  faces  are  shown  in  Figures  24 
and  25 o 


Bo  SEGREGATION 

Table  #1  gives  a  comparison  ®f  the  pertinent  data  for  the 
ingots  used  In  this  investigation. 

The  maximum  segregation  ©ecuring  at  the  chill  face  for 
aluminum  -  copper  ingots  ranging  from  0  to  33#  copper  solidified  In 
field  strengths  of  13*000  oersteds  applied  parallel  to  the  direction 
of  solidification  and  34*000  oersteds  applied  perpendicular  to  the 
direction  of  solidification  are  compared  with  no-field  results  in 
Figure  26. 
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Figure  l6  *■  Maerostrueture  of  an  A1  -  10# 
Cu  ingot  cast  in  zero  field  (XI)  , 


Figure  17  •  Macrostructure  of  an  A1  -  10# 
Cu  ingot  cast  in  a  field  of  13 *000  oersteds 
applied  parallel  to  the  direction  of 
solidification  (XI)  . 
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Figure  l8«  Macrostructure  of  an  A1  -  10$ 
ingot  cast  in  a  field  of  34*000  oersteds 
applied  perpendicular  to  the  direction  of 
solidification  (XI) 


Figure  19-  Microstructure  of  A1  -  10 % 
Cu  ingot  cast  in  zero  field  (X100)  . 
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Figure  20  »  Microstrueture  of  A1  -  10$  Cu 
ingot  solidified  in  a  parallel  field  of 
13 >000  oersteds  (X100) 


Figure  21.  Microstructure  of  A1  -  10$  Cu 
ingot  solidified  in  a  perpendicular  field 
of  3^,000  oersteds  (X100) 
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Figure  22  •  Macrostrueture  of  A1  -  20%  Cu 
ingot  solidified  in  a  perpendicular  field 
of  3^ #000  oersteds  (XI ). 


Figure  23  .  Macrostructure  of  A1  -  5%  Cu 
ingot  solidified  in  a  perpendicular  field 
of  3^ #000  oersteds  (XI ) * 
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Figure  24 .  Microstructure  of  A1  -  20#  Cu 
ingot  solidified  in  a  perpendicular  field 
of  34*000  oersteds  (X100)  # 


Figure  25  .  Microstructure  of  A1  -  5#  Cu 
ingot  solidified  in  a  perpendicular  field 
of  34*000  oersteds  (X100)  . 


TABUS  #1  Analysis  of  Ingots. 
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Figure  26  -  Maximum  segregation  in  the  A1  -  Cu  System  for  field  strengths  of 
13  y 000  and  3^000  oersteds  . 
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The  maximum  segregation  for  aluminum  -  10 $  copper  alloys 
solidified  in  field  strengths  ranging  from  zero  to  3^*000  oersteds  applied 
perpendicular  to  the  direction  of  solidification  is  shown  in  Figure  27. 

All  segregation  results  were  obtained  from  the  extrapolation 
of  at  least  four  base  samples ,  which  corrects  for  exudations  and  finite 
sample  size .  The  extrapolations  for  the  aluminum  -  10 $  copper  and 
aluminum  -  20$  copper  ingots  solidified  in  a  field  of  3^ #000  oersteds 
are  shown  in  Figure  28  and  29.  The  extrapolations  for  an  aluminum  - 
10$  copper  ingot  solidified  in  a  field  of  13*000  oersteds  applied 
perpendicular  to  the  direction  of  solidification  is  shown  in  Figure  30. 

The  form  of  the  extrapolation  suggests  the  absence  of  exudations  and 
a  micrograph  of  the  chill  face  (see  Figure  31)  verifies  this. 

Cooling  curves  for  the  solidification  of  an  aluminum  - 
10$  copper  ingot  solidified  in  zero  field  and  a  field  of  3^000 
oersteds  are  compared  in  Figure  32.  The  thermocouple  was  placed 
approximately  in  the  centre  of  the  ingot „ 
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Figure  27#  Effect  of  field  strength  on  maximum  segregation  in  AX  -  10$  Cu  ingots 


chill  face 
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Figure  30  *  Base  analysis  of  an  ingot  which  had  no  exudations 
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Figure  31 *  Microstructure  of  the  chill  face  of  an 
Ai  -  10$  Cu  ingot  cast  in  a  perpendicular  field  of 
13*000  oersteds*  showing  the  absence  of  exudations  , 
(X200) 
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Figure  32  #  Comparison  of  field  and  no-field  cooling  curves  for  A1  -  10$  Cu  ingots 
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V.  DISCUSSION 

A0  CRYSTAL  MORPHOLOGY 

The  field,  whether  parallel  or  perpendicular  to  the  direction 
of  solidification,  had  no  effect  on  the  columnar  growth,  as  illustrated 
in  Figures  16,  17  and  l8»  This  appears  logical  in  that  the  field  had 
little  or  no  effect  on  the  rate  of  solidification  (Figure  32) .  Also, 
the  parallel  field  had  little  effect  on  the  dendritic  pattern  of  the 
ingots  as  illustrated  in  Figures  19,  20  and  21.  There  was,  however, 
a  slight  tendency  for  the  perpendicular  field  to  disrupt  the  dendritic 
pattern  (Figure  21),  but  the  effect  was  small  and  could  be  of  little 
significance  0 

v 

Dendrites  usually  grow  with  the  crystal  axis  oriented  so 
as  t©  produce  the  best  heat  flow.  In  most  f.CoCo  metals,  such  as 
aluminum,  the  dendrites  are  oriented  with  the  (111)  direction  in  the 

(IS-) 

direction  of  heat  flow  <,  It  is  possible  that  this  direction  also 
has  a  slightly  higher  paramagnetic  susceptibility  than  other  crystal¬ 
lographic  directions,  and,  if  so,  one  might  expect  a  parallel  field  to 
have  n©  effect  ©n  the  dendrites  and  a  perpendicular  field  t©  tend  to 
disrupt  slightly  the  dendritic  pattern. 

B.  SEGREGATION 

Figures  2 6  and  27  show  that  the  field  significantly  increases 
the  amount  of  inverse  segregation  in  aluminum  (rich)  -  copper  alloys. 


The  increase  over  no  field  results  is  up  to  about  60$  for  a  field  of 
3^*000  oersteds.  It  is  interesting  to  note  that  the  direction  of  the 
applied  field  relative  to  the  direction  of  solidification  appears  to 
have  no  significance.  This  is  true  of  the  aluminum  -  copper  system 
because  the  field  has  no  effect  on  the  cooling  rate,  but  may  not  be 
true  in  alloys  of  the  bismuth  —  tin  and  bismuth  -  antimony 

systems  where  the  field  does  have  an  appreciable  effect  on  the  heat 

(I) 

conductivity  of  the  system 

It  is  possible  to  alter  the  calculated  amount  of  maximum 
segregation  at  the  chill  face  by  introducing  arbitrary  changes  in  the 
constitutional  -  specific  volume  relationship  for  the  alloy  system. 

a) 

The  change  suggested  by  Colton  to  account  for  the  segregation  increase 
in  the  Bl- Sb system,  quite  apart  from  the  fact  that  it  cannot  be  theor¬ 
etically  justified,  does  not  agree  with  the  observed  segregation  in 
the  field  -  solidified  ingots  of  the  aluminum  -  copper  system.  The 
observed  segregation  can,  however,  be  obtained  if  the  liquidus  is 
shifted  t©  the  position  shown  in  Figure  33*  while  the  positions  of 
the  specific  volume  curves  remain  unchanged.  For  higher  field  strengths 
correspondingly  greater  shifts  of  uhe  liquidus  curve  are  required. 

We  shall  now  attempt  to  theoretically  justify  this  shift  and  its 


implied  consequences. 
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VI  THEORY  OF  MAGNETIC  EFFECTS 

A.  THERMODYNAMIC  CONSIDERATIONS 

The  effect  of  &  magnetic  field  on  the  electronic  energy  of  a 
weakly  paramagnetic  or  diamagnetic  solid  derives  principally  from  the 
diamagnetism  ©f  the  ion  cores  and  from  the  diamagnetism  and  spin  para¬ 
magnetism  of  the  conduction  electrons .  The  diamagnetic  and  paramag- 

03) 

netie  contributions  to  the  susceptibility  are  given  by  % 

x-*=-n  00 

XpAr*=  l\lsUZ  (|2) 

3kT 

the  diamagnetic  susceptibility 
the  number  of  atoms  per  cubic  cme 
number  of  electrons  per  atom 
charge  of  the  electron 
mass  of  the  electron 
speed  of  light 

mean  square  distance  of  the  electrons  from  the  nucleus 
Boltzmao5*  constant 
absolute  temperature 

approximately  the  Bohr  Magneton  10“^°  ergs/gauss 
There  is  als@  a  temperature  independent  contribution  to  the  paramagnetic 
susceptibility 5  but  it  is  very  small  and  becomes  significant  only  at  very 


where  g 

^  ci;a  - 

N  = 
2,  = 
e  = 

m  - 
C  - 

<r ^ 
k 

T  = 

-'M  = 


low  temperatures 


The  energy  of  a  unit  mass  of  material  with  magnetic  suscept¬ 
ibility  (includes  all  contributions)  placed  in  a  magnetic  field  of 
.  .  v  .uiW 

strength  rj  »  is  given  by  Mo  ( 1 1  X  tj  „  This  energy  is  small  for 
weakly  diamagnetic  and  paramagnetic  substances*  not  exceeding  a  few 
calories  per  gmD  The  change  in  the  heat  of  solidification  of  a  metal 
solidified  under  a  magnetic  field  will*  therefore*  beg 

As  -  -4 (*!;  -  x^)H 


where  the  superscripts  "  9  w  and  n£n  refer  t©  the  solid  and  liquid 
respectively 0  Using  aluminum  as  an  example! 

£  t 

(  r*  -  I  ?  =  I  2.0  in  Cogs,  units  per  gm) 

the  energy  change  in  a  field  ©f  3^ #000  oersteds  is  6  X  10“'*  calg/gm.9 
which  is  negligible  when  compared  to  the  heat  of  solidification  of 
94  cals/gnio  Therefore*  this  factor  will  have  no  observable  effect  on 
the  constitutional  -  specific  volume  relationship  of  an  alloy  system. 

Another  magnetic  phenomenon  which  should  be  considered  is 
magnetostriction, as  a  shift  of  either  the  specific  volume  of  the 
liquid  or  solid  in  the  right  direction  would  tend  to  increase  the 
amount  of  segregation.  However*  magnetostriction  is  extremely  small 
in  alloys  other  than  ferromagnetic  alloys  and  its  effects  will  corres¬ 
pondingly  be  small  and  undetaeteble  in  segregation  work. 

Finally*  it  is  necessary  t©  consider  the  effect  of  a  magnetic 

field  on  the  solid  solubility  limits  of  an  alloy  system  in  the  sense  of 

(IS) 

the  theory  of  Jones  *  where  phase  changes  in  alloy  systems  occuring  at 
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certain  electron/atom  ratios  are  attributed  t©  a  lowering  ©f  the  electronic 

energy  that  accompanies  the  contraction  of  the  Fermi  sphere  .  If  the 

magnetic  field  were  to  change  the  electronic  energy  of  the  alloy  system 

a  particular  phase  change  may  occur  at  a  different  electron/atom  ratic 

and  thus  at  a  different  composition „  A  magnetic  field  does  result  in 

the  stratification  of  the  electronic  states  but  this  stratification  has 

n®  important  consequence  except  at  very  huge  fields  in  the  order  of  100^000 

oersteds ,  and  even  then  the  effect  is  only  to  cause  slight  ©seillatiens 

in  electric  and  magnetic  properties  as  manifested  by  the  de  Haas  van 
(Id) 

Alphen  effect  .  Therefore ,  the  magnetic  field  should  have  no  effect 
on  the  solubility  limits  of  an  alloy  system „  This  is  substantiated 
experimentally  by  the  presence  of  coring  in  the  solid  dendrites „ 

The  above  discussion  suggests  that  the  magnetic  field  strengths 
used  in  this  investigation  have  little  ©r  no  effect  on  the  solubility 
limits  of  an  alloy  system  and  accordingly  we  look  elsewhere  for  an 
explanation . 

Bo  ‘THE  PLASMA  CONCEPT  QF  A  METAL 

In  its  original  and  narrower  sense 9  the  term  plasma  is  applied 
to  an  ionized  gas  having  a  nearly  equal  number  of  positive  and  negative 

(17) 

charges  „  In  a  much  broader  sense 9  the  term  plasma  is  taken  to  mean 
a  gas  of  charges  embedded  in  a  region  of  opposite  charge  to  maintain 
electrical  neutrality „  Thus5  a  solid  or  liquid  metal  can  be  considered 
to  have  plasma  -  like  properties  by  virtue  of  the  free  ©r  conduction 
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electrons,  particularly  the  liquid  because  of  the  high  degree  of  trans¬ 
lational  freedom  of  the  ion  cores  which  is  absent  in  the  solid. 

A  density  or  pressure  gradient  in  a  plasma  under  the  influence 
of  a  magnetic  field  is  responsible  for  various  drift  motions,  which  in 

i- 

the  absence  of  collisions  is  perpendicular  to  both  the  field  (H)  and  the 
pressure  gradient  (7P) .  Collisions  between  electrons  and  ions  will  re¬ 
sult  in  a  diffusion  flow  component  parallel  to  V  P.  The  velocity  of  this 

(18) 

motion  transverse  to  the  lines  of  force  is  given  by: 


where : 

H  -  field  strength 
yU  -  permeability 
£  -  internal  electrical  field 
Y  rC  -  pressure  gradient  of  ion  cores 


0  -  electronic  charge 
-  density  of  electrons 
Oj  -  conductivity  transverse 
to  field  direction 


X/'  P  -  total  pressure  gradient 

This  net  drift  along  the  pressure  gradient  is  primarily  due  to  collisions 
between  electrons  and  positive  ions  since  the  reciprocal  conductivity 
term  is  related  to  the  rate  of  momentum  transfer  to  ions  from  the  electrons. 

It  is  not  possible  to  compare  the  components  of  flow  velocity 
along  'v7  P  in  equation  (13)  to  normal  diffusion  velocities  in  liquid  metals 
because  of  their  essentially  different  natures.  The  pressure  gradient  in 
(13)  arises  mainly  from  the  field  and  the  ‘’diffusion0  is  flow  resulting 
from  the  motion  of  cores  and  electrons  together,  not  movement  of  one 
species  relative  to  another  as  in  ordinary  diffusion.  Equation  (13)  does, 
however,  show  the  nature  of  diffusion  inhibition.  The  mass  transfer 
associated  with  the  density  gradient  has  two  components,  one  perpendicular 
to  the  gradient  and  one  parallel  to  it,  the  extent  of  parallel  flow  being 

O 

inversely  proportional  to  H  and  the  conductivity  qi  . 


^9° 

The  effect  of  the  magnetic  field  is  to  cause  a  gyration  of 
the  free  electrons  in  the  liquid  metal „  If  the  gyration  radius  ( ^ )  Is 
less  than  the  normal  mean  free  path  of  the  electron*,  (  ^  )  ,  a  drift 
velocity  perpendicular  to  the  density  gradient  will  result  and  "diffusion" 
along  the  density  gradient  and  transverse  to  the  lines  of  force  will 
be  slight,  arising  only  from  collisions  of  the  guiding  centres .  It  is 
not  clear  to  what  extent  the  situation  can  be  approached  in  liquid 
metals  but  providing  the  situation  is  approached*,  electron  motion 
across  the  lines  of  force  would  be  largely  immobilized  and  the  heavy 
positive  ions  would  be  confined  by  the  electric  field  set  up  the  slight 
deviation  from  electrical  neutrality,  thus  greatly  inhibiting  diffusion 0 

C.  DIFFUSION  INHIBITION  AND  ITS  CONSEQUENCES 

As  suggested  previously  in  this  discussion,  the  amount  of 
segregation  in  field-solidified  ingots  can  be  obtained  by  calculation, 
providing  the  liquidus  line  is  raised  to  the  positions  shown  by  the 
dotted  lines  in  Figure  33 °  An  attempt  will  be  made  to  justify  this 
change  in  the  constitutional  diagram  by  considering  the  effect  of  the 
magnetic  field  on  the  solute  concentration  gradient  ahead  of  an  advancing 
solid  -  liquid  interface „ 

JL 

The  concentration  gradient  ahead  of  an  advancing  interface 
is  shown  schematically  in  Figure  3^»  If  the  magnetic  field  inhibits 
diffusion  of  the  solute  atoms;the  mass  transfer  will  tend  to  change 
from  a  diffusion  process  to  one  of  forced  convective  flow*  This  will 


Temperature  Concentration 


Cn  -  Normal  concentration  gradient  in  liquid 
Cf  -  Proposed  concentration  gradient  due  to  field 
Tu  -  Solidification  temperature  for  Cf  using  unchanged 

constitutional  diagram 

t 

Tf  and  Tf  -  Solidification  temperatures  for  Cf  obtained 

by  raising  the  liquidus  line  of  the  constitutional 
diagram o 

Figure  -  Concentration  gradients  and  temperature  distribution 
at  the  solid  -  liquid  interface. 
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result  in  a  pile  up  of  the  solute  atoms  at  the  interface  changing  the 
distribution  from  Cnto  C-f  (Figure  3^) .  If  the  equilibrium  solid¬ 
ification  temperature  is  plotted  for  this  "field"  concentration  curve 
using  the  unchanged  constitutional  diagram,  one  obtains  a  curve  similar 
to  that  illustrated  by  Tu.  in  Figure  3^»  An  equilibrium  solidification 
temperature  such  as  Tu,  (Figure  3^)  Is>  however,  contrary  to  the 

principles  of  heat  flow  which  state  that  — — 5  <C  0  *  Therefore, 

c/x 

it  is  necessary  to  raise  the  liquidus  line  of  the  constitutional  diagram 

so  that  the  equilibrium  solidification  temperature  is  lowered  at  least 

/ 

to  the  position  of  Tp  (Figure  3^)>  or  «venTf  as  dendritic  growth 

(3) 

requires  some  degree  of  constitutional  supercooling  .  '’Tierefore,  in 
order  for  solidification  to  occur  under  the  imposed  diffusion  constraint, 
the  constitutional  diagram  must  be  altered  as  shown  in  Figure  33 • 

D,  ENERGY  CONSIDERATIONS 

Having  proposed  that  the  magnetic  field  changes  the  form 
of  the  constitutional  diagram  via  diffusion  inhibition,  it  remains 
to  reconcile  this  change  with  the  concept  of  local  equilibrium  of 
Irreversible  thermodynamics. 

The  cohesive  energy  of  a  lattice  (and  we  include  here  the 
liquid  state)  can  in  principle  be  accurately  represented  through  the 
Sehrodinger  wave  equation  for  the  system.  The  equation,  as  such. 

Is  mathematically  intractable  except  for  the  simplest  of  systems. 
Approximation  methods  are  necessary  to  treat  the  more  complicated 
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(ft) 

problems *  the  cellular  approximation  method  of  Wigner  and  Seitz  being 
the  most  successful  so  far.  However*  even  this  method  is  accurate  only 
for  the  more  simple  alkali  metals.  Nevertheless*  it  has  also  be  applied 
(with  appropriate  mtdif ieatioms)  to  bi-  and  multi-  valent  metals  with 
some  success. 

The  cohesive  energy  ©f  a  lattice  referred  t©  its  sublimated 

(2.0) 

state  is  given  by 

-  Ex=  E,  +  j  ^  (4^ 

where 

E0  1  the  zero  peint  energy  *f  the  electron  in  the  lattice 
^  =  Planck  constant 

^0  =  mass  of  the  electron 

■E  -  valence  of  the  metal 

E)  -  radius  ©f  the  unit  cell  in  the  sphere  approximation 


The  second  term  is  the  average  Fermi  energy  ©f  the  electrons*  and  the 
third  term  accounts  for  the  average  electron  interaction  energy  per 
electron  pair  in  any  me  atomic  cell*  which  involves  the  electron 
exchange  and  correlation  energies, 

l/3 

Since  Yq  is  proportional  to  Vo  5  the  total  energy  of  a 
lattice  is  frequently  represented  by  the  equation 


where  A,  B  and  C  are  constants  f©r  the  particular  system.  Equation  (15) 
emphasizes  the  dependence  ©f  cohesive  energy  on  the  atomic  volume  (or 
interatomic  distance).  The  activity  @f  a  component  atom,  which  is 
determined  by  its  contribution  to  the  cohesive  energy  ©f  the  lattice , 
is,  therefore ,  strongly  dependent  ©n  the  atomic  volume ,  hence  als® 

@n  the  specific  volume , 

In  alloy  formation  it  is  usually  assumed  that  the  free  electrons 
exist  in  two  bands  associated  with  the  potential  fields  of  the  constit¬ 
uent  ions.  If  the  energy -levels  ©f  the  tw©  bands  are  different, 
there  will  be  a  redistribution  ®f  electrons  between  bands  t®  lower 
the  total  energy  by  an  amount  equal  t®  the  bond  energy,  Beardeen 
and  Friedman  have  observed  changes  in  widths  ®f  the  Fermi  bands 
during  alloying  ®f  copper  and  zinc  indicating  that  the  zinc  band, 
i,e,,  those  electrons  in  the  zinc  cells,  decreases  on  the  high  energy 
side  with  increased  dilution  of  zinc. 

The  proposed  shift  ©f  the  liquidus  curve  per  se  represents 
a  departure  from  local  equilibrium  and,  therefore,  an  Increase  in 
energy.  However,  it  is  suggested  that  this  is  counterbalanced  by 
the  energy  change  involved  in  a  proposed  volume  change  (Equation  (15)) 
which  derives  from  a  redistribution  #f  the  electrons  between  the 
solute  and  solvent  cells.  Thus,  local  equilibrium  can  be  restored 
at  the  interface  through  the  process  ©f  specific  volume  increase  ®r 
decrease , 

This  alteration  ©f  the  constitutional  -  specific  volume 
relationship  by  the  field  is  such  that  the  temperature- density 


relationship  immediately  adjacent  to  the  interface  is  assumed  not 
t©  change  fr©m  its  equilibrium  value  «  This  is  only  an  approximate 
average  of  the  situation  in  the  region  of  the  interface  because ? 

1)  the  segregation  calculations  are  based  on  the  assumption 
that  the  interdendritic  liquid  for  constant  height  of  the  ingot 
is  h©m©ge menus*  which  is  no  longer  true  for  field  solidified 
ingots  o 

2)  only  growth  directions  perpendicular  to  the  direction  of 
the  magnet  field  are  affected  which  would  involve  only  about 
50#  of  the  mass. 

The  most  that  can  be  said  for  the  altered  phase  diagram  is  that  it 
represents  the  approximate  integrated  effect  of  the  field. 


VII  SUMMARY  AND  CONCLUSIONS 


(1)  The  effect  of  the  magnetic  field  is  to  Increase  the  amount  of 
inverse  segregation  in  aluminum  (rich)  -  copper  alleys .  The  amount 
of  segregation  increases  with  Increasing  field  strength*  and  is  60% 
higher  than  the  no-field  results  for  a  field  strength  of  34*000 

I 

oersteds  . 

(2)  Fields  both  parallel  and  perpendicular  t©  the  direction  of 

» 

solidification  of  similar  strengths  increased  the  segregation 

by  similar  amounts . 

-  \ 

(3)  Neither  the  parallel  field  nor  the  perpendicular  field  had 
any  effect  ©n  the  columnar  growth  characteristics  and  the  cooling 
rates  of  the  alloys  <> 

(4)  When  the  field  was  applied  perpendicular  to  the  direction  of 
solidification*  there  was  a  slight  tendency  for  the  dendritic  pattern 
to  be  disturbed. 

(5)  A  theory  introducing  the  concept  of  diffusion  inhibition  in 
the  liquid  by  the  magnetic  field  has  been  proposed  in  order  t© 
justify  the  alteration  of  the  phase  diagram.  The  theory  Is  compatible 
with  the  heat  flow  requirements  and  energy  considerations  for  the 


solidifying  system. 
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APPENDIX 

THE  CALCULATION  QF  INVERSE  SEGREGATION 

The  underlying  assumptions  used  in  the  derivation  of  the 
inverse  segregation  ares 

(1)  the  flowback  of  residual  liquid  is  complete  so  that  no 
shrinkage  porosity  occurs 

(2)  local  equilibrium  exists  at  the  sdlid  -  liquid  interface 

(3)  the  interdendritie  liquid  is  homogeneous  at  any  particular 
height  of  the  ingot,  i.e.,  the  interdendritie  spacing  is  considered 
small  enough  so  that  no  concentration  gradients  exist  between 
dendrites . 

(4)  solidification  is  unidirectional,  and 

(5)  solid  coring  is  complete,  i.e.,  solidification  is  rapid 
enough  so  that  there  is  no  diffusion  in  the  solidified  alloy. 

Definition  of  terms s 

=  mass  of  solidified  metal 
mi  -  mass  of  liquid  metal 

C*-  =  contraction  coefficient  upon  solidification 

C-'d  =  concentration  of  the  liquid  metal 
Cg  z  concentration  of  the  cored  crystals 
The  subscript  n  refers  to  the  eutectic  temperature. 

The  calculation  is  given  for  an  alloy  system  which  has  a 
eutectic  -  type  phase  diagram  but  the  theory  is  applicable  to  systems 


- 


59. 


which  have  other  type  phase  diagrams,  e.g.,  the  bismuth  -  antimony 
(i) 

system  which  exhibits  complete  solid  solubility,  and  the  aluminum  - 
(23) 

zinc  system 

The  amount  of  segregation  for  a  eutectic  system  is  given 
by  the  equations 
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The  term  is  the  mass  of  liquid  of  eutectic  composition  and  is  obtained 


from  the  equation 
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where  C ^  and  are  the 
concentrations  of  liquid  and 
solid  at  a  given  temperature 
and  \/L.  and  Vcj  are  the  corres 
ponding  specific  volumes . 


The  term  KWse  is  the  mass  of  the  cored  primary  dendrites  and  is  obtained 
from  the  equation 
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The  term  e.  is  the  amount  of  copper  in  the  cored  primary  dendrites 


and  is  obtained  from  the  equation 

•  o 

>  / 

i/v^ .  —  f~  ~  V/! 


Cs"  =  Cs  W 5  ^ 


'-“UdKg)# 


(6) 


.  6  -th 

The  superscripts  l  and  I  1 1  refer  to  the  i  and  |  -t  /  terms  respec¬ 
tively  in  the  stepwise  integration  since  &  and  /|  are  usually  functions 
of  the  solute  concentration <>  The  summation  of  the  terms  in  (3),  (5) 
and  (6)  is  taken  to  the  eutectic  temperature  to  obtain  the  terms 
t>  W  j  g  and  « 


